ABSTRACT In all eukaryotes, the Golgi apparatus is the main site of protein glycosylation. It is widely accepted that the glycosidases and glycosyltransferases involved in N-glycan processing are found concentrated within the Golgi stack where they provide their function. This means that enzymes catalyzing early steps in the processing pathway are located mainly at the cis-side, whereas late-acting enzymes mostly locate to the trans-side of the stacks, creating a non-uniform distribution along the cis-trans axis of the Golgi. There is compelling evidence that the information for their sorting to specific Golgi cisternae depends on signals encoded in the proteins themselves as well as on the trafficking machinery that recognizes these signals and it is believed that cisternal sub-compartmentalization is achieved and maintained by a combination of retention and retrieval mechanisms. Yet, the signals, mechanism(s), and molecular factors involved are still unknown. Here, we address recent findings and summarize the current understanding of this fundamental process in plant cell biology.
THE PLANT GOLGI APPARATUS: AN IMPRESSIVE CARBOHYDRATE FACTORY
The Golgi apparatus occupies a central position in the secretory pathway and serves as the central site of protein glycosylation and cell wall polysaccharide synthesis. From a very basic point of view, this organelle consists of three compartments: the cis-, medial-, and trans-Golgi. It receives newly synthesized secretory cargo from the endoplasmic reticulum (ER), which enters the Golgi at the cis-face. On its passage towards the trans-face, cargo is exposed to the sequential action of numerous glycosidases and glycosyltransferases that are predicted to be arranged in an assembly line for the processing of oligoand polysaccharide chains. In addition to these enzymes, proper glycosylation requires the import of nucleotide sugar substrates into the Golgi and export of metabolites like inorganic phosphate to the cytoplasm (Reyes and Orellana, 2008; Cubero et al., 2009) .
The uniqueness of the plant Golgi apparatus has been highlighted in several recent reviews (Robinson et al., 2007; Faso et al., 2009; Hawes et al., 2010) . One peculiar feature of the Golgi apparatus in plant cells is its existence in the form of numerous discrete stacks that display an actinmyosin-driven motility throughout the cytoplasm in vacuolated cells. The lack of an intermediate compartment between ER exit sites and the cis-Golgi and absence of Golgi stack fragmentation or disassembly during cell division are additional features that may reflect the major functional characteristic of the plant Golgi, which is the synthesis and heavy secretion of many of the complex cell wall polysaccharides to the cell wall, which represents the richest source of biomass on Earth. In fact, the biosynthesis of non-cellulosic polysaccharides such as hemicelluloses and pectin in the Golgi apparatus is invaluable for countless commercial and industrial processes (Driouich et al., 1993; Geisler et al., 2008; Pauly and Keegstra, 2010) . Despite the functional and morphological differences between animal and plant cells, there seems to be a strong conservation of basic protein transport mechanisms and Golgi organization across species.
N-GLYCOSYLATION: AN EVOLUTIONARY CONSERVED AND HIGHLY COORDINATED PROCESS
In all eukaryotes, the N-glycosylation of proteins starts in the ER by transfer of an oligosaccharide precursor to asparagine side chains in Asn-X-Ser/Thr sequences of nascent polypeptide chains (Helenius and Aebi, 2001; Pattison and Amtmann, 2009 ). Subsequently, glucose and mannose residues are cleaved off from the N-glycan by ER-resident glucosidases and mannosidases. This process is highly regulated and links N-glycosylation to protein folding and protein quality control in the ER. The best characterized processes are the calnexin/calreticulin cycle and the ER-associated degradation (ERAD) of glycoproteins, where specific N-glycan moieties and ER-lectins are involved (Caramelo and Parodi, 2008; Vembar and Brodsky, 2008) . The importance of these glycan-dependent processes for plant development and defence mechanisms has been shown recently (Jin et al., 2007; Hong et al., 2008 Hong et al., , 2009 Li et al., 2009; Liebminger et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009; Hä weker et al., 2010) .
Further processing of the N-linked glycans to Man 5 GlcNAc 2 is performed by Golgi-a-mannosidase I (GMI, Figure 1 ). This trimming reaction is the first committed step in the Golgi Nglycan processing pathway and has to be finished in order to enable subsequent N-glycan modifications (Strasser et al., 1999; Helenius and Aebi, 2001; Liebminger et al., 2009 ). Further processing within the Golgi is performed by the enzymes N-acetylglucosaminyltransferase I (GnTI), Golgi-a-mannosidase II (GMII), N-acetylglucosaminyltransferase II (GnTII), b1,2-xylosyltransferase (XylT), and core a1,3-fucosyltransferase (FUT11/12) (Strasser et al., 2006) . Based on their in vitro and in vivo substrate specificity, no strict sub-compartmentalization of these processing enzymes is required to generate the characteristic complex N-glycan GnGnXF from the precursor substrate Man 5 GlcNAc 2 (Strasser et al., 2004; Bencú r et al., 2005; Strasser et al., 2006) . However, sub-cellular localization studies, mainly performed with fluorescent protein fusions, suggest that enzymes acting early in the N-glycan processing pathway tend to reside in cis-and medial-compartments of the Golgi, whereas later-acting enzymes seem to locate to the trans-Golgi cisternae and the trans-Golgi network (TGN). For example, Golgi live-cell imaging of fluorescent processing enzyme reporters revealed that the fluorescent signals derived from different enzymes overlapped only partially (Saint-Jore-Dupas et al., 2006; Schoberer et al., 2010) (Figure 2 ). This indicates a differential distribution of N-glycan processing enzymes in distinct Golgi cisternae and raises the question of how the sub-Golgi concentration of glycosylation enzymes is established and maintained in plant cells.
SUB-COMPARTMENTALIZATION OF PLANT N-GLYCAN PROCESSING ENZYMES IN THE GOLGI APPARATUS
All of the Golgi-resident plant N-glycan processing enzymes are type II membrane proteins. The N-terminal region consists of a short cytoplasmic part, a single transmembrane domain (TMD), and a stem region (together, the CTS region, Table 1 ), which orients the catalytic domain into the Golgi lumen. The CTS region seems to contain all the targeting information for sub-Golgi localization (Saint-Jore-Dupas et al., 2006; Schoberer et al., 2009) . A fluorescent protein fusion to the CTS region of rat a2,6-sialyltransferase (ST, Table 1) has become one of the most commonly used Golgi markers and, by using immunoelectron microscopy, was localized to the trans-half of Golgi stacks in leaves of Nicotiana clevelandii (Boevink et al., 1998) . The same trans-Golgi labeling was found when a tagged fulllength version of ST was expressed in Arabidopsis callus tissues (Wee et al., 1998) . Moreover, the expression of a chimeric protein consisting of the CTS region of ST fused to the catalytic domain of human b1,4-galactosyltransferase (b1,4-GALT) resulted in the efficient production of di-galactosylated N-glycan structures in N. benthamiana (Strasser et al., 2009) . In contrast, the CTS region of XylT fused to the catalytic domain of b1,4-GALT resulted in the formation of mainly mono-galactosylated and hybrid N-glycan structures (Bakker et al., 2006) . Since galactosylation of N-glycans blocks further processing by GMII and GnTII, these incompletely processed N-glycans show that the ST-CTS region confers targeting to a later Golgi sub-compartment than the XylT-CTS region in leaf epidermal cells.
The formation of the Lewis a carbohydrate structure on Nglycans involves the sequential action of b1,3-galactosyltransferase (GALT1) and a1,4-fucosyltransferase (FUT13) (Strasser et al., 2007) (Figure 1) . It has been shown that these reactions are late Golgi events and hence take place in the trans-Golgi While the spatial separation of cis-from medial-located enzymes is less well established, the steady-state distribution of GALT1 and FUT13 is in the trans-Golgi. (Fitchette et al., 1999) . Moreover, fluorescent fusions of the GALT1-CTS region to GFP resulted in a trans-Golgi distribution as observed by co-expression experiments with ST and other Golgi markers . Together, these data are clearly in favor of a sequential distribution of N-glycan processing enzymes across the Golgi stack, with a clear separation of early-(GMI, GnTI, GMII, GnTII, XylT, and FUT11/12) from lateacting enzymes (GALT1, FUT13). As a consequence, the existence of a distinct medial-Golgi or intermediate location can be questioned. However, GFP-tagged forms of GnTI (Reichardt et al., 2007) and XylT (Pagny et al., 2003) were found to display an increased labeling of medial stacks in electron micrographs and GMI located nearly exclusively to medial-Golgi cisternae in a 3D-tomographic model obtained by using an antibody that Each two-colored image (A-F) shows highly magnified Golgi stacks double-labeled by two different enzymes that were transiently coexpressed in N. benthamiana leaf epidermal cells. Note the shift in the overlapping signals with the central region being white and the non-overlapping regions being green and magenta. (A) GnTI-mRFP (magenta) and GMII-GFPglyc (green) as well as (F) GALT1-GFP (green) and ST-mRFP (magenta) show larger areas of white, whilst (B) GnTI-mRFP (magenta) and GALT1-GFP (green), (C) GMII-mRFP (magenta) and GALT1-GFP (green), (D) GnTI-mRFP (magenta) and ST-GFP (green), and (E) GMII-GFPglyc (green) and ST-mRFP (magenta), respectively, display larger non-overlapping areas (magenta and green) indicating distinct intra-Golgi distributions. Scale bars = 2 lm.
detects the native Arabidopsis GMI proteins (Staehelin and Kang, 2008) . Although the latter finding is in clear contrast with two other studies that detected GMI-GFP in cis-cisternae (Nebenfü hr et al., 1999; Saint-Jore-Dupas, 2006) , these results support the idea that a distinct concentration of enzymes in medial-Golgi cisternae exists in plants. The still limited dataset indicates that a cis/medial location significantly overlaps.
As mentioned earlier, the plant Golgi apparatus contains numerous glycosyltransferases involved in the formation and remodeling of cell wall polysaccharides. For most of these proteins, the sub-cellular targeting regions have not been analyzed in detail. However, recently, the cis/medial-and trans-Golgi location of three GFP-tagged Arabidopsis glycosyltransferases-a1,6-xylosyltransferase (XT1), b1,2-galactosyltransferase (MUR3), and a1,2-fucosyltransferase (FUT1)-involved in the biosynthesis of xyloglucan side chains has been shown by immunogold electron microscopy in tobacco BY2 cells (Chevalier et al., 2010) . Similarly to the aforementioned N-glycan processing enzymes, all three glycosyltransferases are type II membrane proteins with a short N-terminal cytoplasmic region (Table 1) . Moreover, analysis of the domain structure of other Golgi-located plant glycosyltransferases indicates that the vast majority of them are type II membrane proteins (Dunkley et al., 2006; Strasser, unpublished) . These data suggest that plant N-glycan processing enzymes and glycosyltransferases for cell wall polysaccharides utilize similar conserved mechanisms and signals for sequential distribution in the different Golgi cisternae.
MODELS FOR DISTINCT SUB-GOLGI LOCALIZATION OF GLYCOSYLATION ENZYMES
Models for sorting and concentration of glycosylation enzymes are inevitably dependent on the nature of protein transport through the Golgi (Munro, 1998) . The two prevailing models are the cisternal maturation and the vesicular transport model (Pelham and Rothman, 2000; Rabouille and Klumperman, 2005; Jackson, 2009; Tu and Banfield, 2010) . In the cisternal maturation model, an efficient retrieval of resident proteins from late Golgi cisternae back to early cisternae is required to finebalance the spatial organization of the glycosylation enzymes across the stack. This mechanism is based on discrimination between cis/medial-and trans-located enzymes in order to achieve their non-homogeneous distribution throughout the Golgi stack. Moreover, the selective enrichment of late-Golgi-resident proteins could also be achieved by continuous and highly efficient recycling from post-Golgi organelles, like the TGN, back to the trans-Golgi. The vesicular transport model requires trafficking of glycosylation enzymes to specific cisternae and a mechanism to retain them by preventing their anterograde transport. While the debate on protein transport models is still ongoing, the data from plant cells are more in favor of the cisternal maturation model (Hawes and Satiat-Jeunemaitre, 2005; Hawes et al., 2010) . Dense vesicles, for example, which transport proteins to protein storage vacuoles, form at the rims of cisGolgi cisternae and proceed and mature towards the trans-face of the Golgi stack while staying attached to the cisternae (Hillmer et al., 2001; Robinson et al., 2005) . A similar observation has been made for many scale types of green algae, which progress through the stack in a cis-to-trans direction within maturing cisternae, even though algal scales are small enough to fit into coat protein (COP)I-coated vesicles (Becker and Melkonian, 1996) . Recently, a new model, the so-called cisternal progenitor model, has been proposed (Pfeffer, 2010) . It postulates the existence of stable compartments that have the capability to generate subsequent compartments of the Golgi apparatus in a process that involves homotypic fusion and fission of Golgi membranes driven by Golgi-located Rab family GTPases acting together in so-called Rab cascades (Grosshans et al., 2006; Rivera-Molina and Novick, 2009) . As a consequence of the model, the presence and activation of certain Rabs would create membrane microdomains and, in the context of the Golgi apparatus, biochemically define a Golgi sub-compartment by regulating the specific retention of glycosyltransferases in such domains. Although this alternative concept does not preclude the existence of transport vesicles, it is not clear how the concentration of Golgi enzymes like GMII in COPI vesicles can be combined with the cisternal progenitor model (MartinezMená rguez et al., 2001; Nilsson et al., 2009) . Until now, a clear support for the progenitor model is missing in plants, but it has been shown that Rab proteins determine membrane identity and membrane traffic in the early endomembrane system of plants (Woollard and Moore, 2008) . It has become clear that Rabs are key players in a highly coordinated 'interaction network' consisting of effector molecules such as soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins, coat proteins, and a cohort of tethers with well established roles in membrane trafficking and organization of the Golgi stack. So-called tethering factors include multi-protein complexes, such as the conserved oligomeric Golgi (COG) complex, and coiled-coil proteins of the golgin family. The latter are regulated by Rabs, which help to bring vesicles closer to their targets and act in concert with subsets of SNAREs that facilitate docking and fusion (Robinson et al., 2007; Hawes et al., 2008) . Although Arabidopsis homologs of all eight COG complex subunits have been identified in silico by database mining (Latijnhouwers et al., 2005) , the molecular function of this complex in plants is still unknown. In mammals and yeast, on the other hand, there is compelling evidence that this tethering complex controls vesicular, and more specifically retrograde, trafficking within the Golgi apparatus (Smith and Lupashin, 2008) .
In mammals, four different models have been proposed for the sub-Golgi localization of glycosylation enzymes. In the 'kin recognition model', it has been proposed that especially cis/ medial-Golgi enzymes such as GnTI and GMII oligomerize to form higher-order complexes that are excluded from forward transport to downstream compartments (Nilsson et al., 1993 (Nilsson et al., , 1994 . In mammalian cells, it was recently proposed that in addition to the oligomerization of cis/medial-resident processing enzymes, also medial/trans enzymes such as b1,4-GALT and ST form protein complexes (Hassinen et al., 2010) , which might be required for correct and efficient processing of N-glycans. However, evidence for oligomerization of early and/or late Golgi-resident glycosylation enzymes is still lacking in plants and the CTS regions of b1,4-GALT and ST, respectively, target different Golgi regions in N. benthamiana leaf epidermal cells (Strasser et al., 2009) , suggesting that these two mammalian proteins do not reside within the same Golgi cisternae and therefore do not form a protein complex in plant cells. Arguing against a potential oligomerization-based retention mechanism are studies using fluorescence recovery after photobleaching (FRAP) techniques. The expression and subsequent photobleaching of the GFP-tagged signal anchor sequences of various Golgi-resident N-glycan processing enzymes such as GnTI, GALT1, and ST (Brandizzi et al., 2002a) have revealed that these integral Golgi membrane proteins recover rapidly (within minutes) after bleaching and have little or no immobile fractions . This indicates that, first, these enzymes have unhindered mobility in the Golgi membranes and hence do not seem to be physically restrained by a potential complex formation, and, second, appear to associate only transiently with this organelle before recycling to the ER rather than being stable resident components of the Golgi (Ward and Brandizzi, 2004) .
The 'bilayer thickness model' suggests that the membrane thickness gradually increases from the ER to the plasma membrane and this change excludes proteins with a shorter transmembrane domain (TMD) from forward transport (Bretscher and Munro, 1993; Munro, 1995) . Since the composition of the lipid bilayer changes in the Golgi, this process could be involved in trafficking and retention of membrane proteins within different cisternae. Indeed, the TMD length plays a role in the targeting of type I transmembrane proteins in plants (Brandizzi et al., 2002b) and an increase in TMD length of the early enzyme GMI from 16 to 23 amino acids resulted in transGolgi targeting (Saint-Jore-Dupas et al., 2006) . However, the TMD lengths of different ER-and Golgi-resident glycosylation enzymes vary significantly, which indicates that this model cannot explain the segregation of glycosylation enzymes into different Golgi cisternae. ST, for example, has a rather short membrane-spanning region with a length of 17 amino acids, which is in a similar range to the predicted TMD lengths of cis/ medial-located enzymes such as GMI and GnTI (Saint-Jore-Dupas et al., 2006; Liebminger et al., 2009; Schoberer et al., 2009) (Table  1) . On the other hand, these enzymes' TMD lengths have not been determined experimentally and the TMD length predictions vary, dependent on the used algorithm (Davis et al., 2006) . In addition, TMDs might not only be integrated into the membrane in a linear manner, but could also be subjected to adaptation by tilting or oligomerization of transmembrane segments (Killian and Nyholm, 2006) . Recently, the systematic investigation of TMDs of integral membrane proteins from fungi and mammals revealed organelle-specific differences in length of the TMDs as well as in composition (Sharpe et al., 2010) . No changes between cis-and medial-Golgi proteins were identified when the mean residue hydrophobicity or the amino acid volume were compared. However, due to the limited number of proteins with confirmed sub-Golgi location, the dataset to analyze specific features of transmembrane segments was rather small. In a related model, the rapid partitioning model, which was proposed by the Lippincott-Schwartz group, glycosylation enzymes are supposed to be partitioned from the export machinery using a lipid-based sorting mechanism (Patterson et al., 2008) . This model suggests a bidirectional transport between different cisternae and proposes a role for self-organizing lipid-domains in partitioning of cargo and resident proteins into domains of different lipid compositions. Although this model might explain the mono-exponential kinetics of cargo exit from the Golgi in mammalian cells, it also proposes the formation of incompletely processed N-glycans, which are normally not observed, and is in conflict with established data for the transport of large cargo through the Golgi (Nilsson et al., 2009) . Moreover, also for that model, the intrinsic protein signals for lipid-driven sorting of Golgi-resident processing enzymes have not been identified and the relevance of this model for plant cells has not been tested yet. Recent data from mammalian cells have highlighted the importance of lipid membrane composition in the organization of Golgi-resident glycosylation enzymes. Changes in Golgi phosphatidylinositol-4-phosphate content resulted in mislocalization of GnTI and GMII accompanied by defects in glycosylation (Cheong et al., 2010) . These data show that spatial regulation of phospholipids is a key regulator of Golgi organization. In plants, similar experiments have not been performed and functional data on phospholipids are still limited, but imaging of phosphatidylinositol-4-phosphate showed a clear co-location with ST in the Golgi (Vermeer et al., 2009 ). Yet, in another study, it was shown that inhibition of glucosylceramide biosynthesis disturbed transport of membrane and secretory proteins but remarkably had no effect on the Golgi targeting of ST in tobacco leaf epidermal cells (Melser et al., 2010) . However, differences in sub-Golgi targeting were not investigated in this study.
In the last model, it has been proposed that the cytoplasmic tails of different glycosyltransferases contain important information for their sub-Golgi targeting and concentration. Exchange of the cytoplasmic protein parts resulted in alterations in sub-Golgi targeting of two glycosyltransferases involved in glycolipid biosynthesis in mammalian cells (Uliana et al., 2006) . In yeast, the Vps74p protein has been found to directly bind to a conserved motif in the cytoplasmic tail of glycosyltransferases and by doing so might act as an adaptor for COPI-mediated retrieval leading to the dynamic localization of glycosylation enzymes (Schmitz et al., 2008; Tu et al., 2008) . While this model is quite appealing and motifs in cytoplasmic regions of plant membrane proteins have been identified as signals for ER-to-Golgi targeting or retrieval (Hanton et al., 2005; Yuasa et al., 2005; Chatre et al., 2009; Schoberer et al., 2009) , no obvious Vps74p homolog is present in plants and a Vps74p-like binding motif is not unequivocally recognizable in the cytoplasmic region of plant enzymes (Table 1) . Therefore, it remains to be shown whether a similar mechanism that involves binding to the short cytoplasmic regions and results in either retrieval from late Golgi compartments or retention within distinct cisternae exists in plant cells.
COMPARTMENTALIZATION OF GLYCOSYLATION ENZYMES IN THE GOLGI: AN UNSOLVED MYSTERY?
In conclusion, it becomes obvious that none of the proposed models can so far explain the sub-Golgi distribution of a given N-glycan processing enzyme in plant cells. Most likely, the signals and mechanisms for the localization to their correct place in the Golgi have to be determined for each enzyme individually. Molecular determinants such as proteins that bind to cytoplasmic regions or recognize amino acid motifs in TMDs are still elusive in plants. The sequence heterogeneity observed in the rather short N-terminal CTS targeting regions of different glycosylation enzymes (Table 1) suggests that features within this region probably function in a combinatorial manner and may dictate the non-uniform distribution of different enzymes in different ways, which is strongly in favor of a contribution of multiple mechanisms to the spatial concentration of these proteins. A combination of lipid- (Patterson et al., 2008) and protein-based sorting (Schmitz et al., 2008; Tu et al., 2008) , with an important role for the TMDs and flanking regions of glycosylation enzymes for establishing the polar distribution in the Golgi, might be essential determinants of sub-cellular targeting. Despite intense research over the past decade, the underlying mechanisms are still widely unsolved, but recent data emphasize that sorting/partitioning of proteins and lipids into different Golgi cisternae are highly dependent processes (Lippincott-Schwartz and Phair, 2010) , which are accomplished by vesicular transport, organelle maturation, and continual fusion and fission of compartments. In the context of glycosylation enzymes, the existence of plant homologs of the COG complex subunits could be one possible answer to the question of how the Golgi apparatus maintains its non-uniform distribution of enzymes in the face of heavy secretion of transiting cargo (Latijnhouwers et al., 2005; Faso et al., 2009 ). Studies of the yeast and mammalian COG proteins imply that this complex is crucial for glycosylation enzyme homeostasis, as it orchestrates the recycling of cis-and medial-Golgi enzymes by tethering vesicles that constantly retrieve these proteins from trans-Golgi compartments back to their site of function (Smith and Lupashin, 2008; Foulquier, 2009) . Mutations in components of the heterooctameric COG complex severely affect protein N-glycosylation and in humans can cause so-called congenital disorders of glycosylation (Wu et al., 2004; Foulquier et al., 2006; Kranz et al., 2007) . Our current research focuses on the identification of the respective plant COG component homologs and determination of their role in retrograde intra-Golgi transport of Golgi glycosylation enzymes in plants.
While the fundamental processes of targeting, retention, and retrieval of Golgi-resident glycan processing enzymes seem to be conserved between different phyla, it remains to be shown whether plant glycosylation enzymes also exist in protein complexes as proposed for mammalian and yeast cells (Nilsson et al., 1994; Jungmann and Munro, 1998; Opat et al., 2000; Hassinen et al., 2010) or whether the unique organization and function of the plant Golgi as a biosynthetic factory for cell wall polysaccharides (Driouich et al., 1993; Hawes and Satiat-Jeunemaitre, 2005; Robinson et al., 2007) resulted in different targeting/retention mechanisms. Clearly, a better understanding of the determinants and mechanisms that are essential to establish and maintain a non-uniform distribution of these Golgi enzymes and hence are important for the integrity of N-glycosylation and very likely also for cell wall polysaccharide synthesis will help us to harness this fundamental process optimally in terms of production of plant food and non-food products. In the future, emerging imaging technologies, such as three-dimensional structured illumination microscopy (3D-SIM) (Fitzgibbon et al., 2010) , unbiased genetics screens (Boulaflous et al., 2008) , the development of proteomic approaches to unravel protein-protein and protein-lipid interactions involved in membrane trafficking , and a detailed characterization of the protein domains of Golgi-resident glycosylation enzymes, should help us to decipher one of the enigmas of this fascinating organelle.
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